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Marble is one of the most popular building stones in the course of human history. For 
several centuries it has been used as a principle façade material because of many distinctive 
characteristics such as color, texture, and the ability to take a highly polished polish. In the past, 
marble blocks used in construction had to function as load bearing elements and were sized 
accordingly. However, as building technology improved with the rise of steel frame construction 
in the 19th century, reduced wall thicknesses became possible and façade materials no longer 
had the same structural responsibilities. During the mid-20th century thin panels of marble, 
ranging from 20-50 mm, appeared as exterior cladding on structures around the world. 
The permanent deformation of marble panels, commonly known as bowing, has been 
recognized as a serious problem worldwide. Over the past few decades numerous architects, 
engineers, and scientists have worked toward better understanding and preventing this 
phenomenon. In 2000 the EU commissioned a multi-dispensary project consortium working 
under the acronym TEAM (Testing and Assessment of Marble and Limestone) to create a report 
detailing the mechanisms behind thermal deformation and develop a better understanding of 
bowing potential for different marble types. For obvious reasons the report focused primarily on 
marbles originating from Europe. Today little published scientific analysis of the effects of 
repeated thermal cycles on North American marbles, more specifically Tuckahoe, Colorado, 
Vermont, and Georgia exists. 
Considering that the marbles being tested vary greatly in physical characteristics as well 
as mineralogical composition, the potential for thermal deformation and disintegration between 
them will likely be just as dissimilar. For this reason, there is an important and recognizable need 
for a study of this type to accurately and effectively develop preservation strategies. 
In this study, 30 sample disks approximately 50 mm in diameter and 10 mm in thickness 
were prepared from four previously mentioned marble types.   Each sample base contained 10 
disks treated with a heating cycle, 10 disks treated with a cooling cycle, and 10 untreated disks.  
The samples were exposed to 60 thermal cycles, 3 cycles a day for 20 days. The cooling cycle 
ranged from approximately -10 
0
C to 28 
0
C and the heating cycle from 30 
0
C to 63 
0
C.  
 Upon completion of the thermal cycling, the samples were subjected to ultrasonic 
velocity and biaxial flexure strength tests.  The results were compiled and conclusions were 
drawn  as to why each marble preformed the way it did as well as whether or not the marble 
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Chapter 1: Introduction 
Purpose of Study: 
Marble is one of the most popular building stones in the course of human history.  The 
ancient Greeks and Romans referred to marble as the “stone of light.”  In fact, the name marble 
originates from the Greek word μαρμαίρειν (marmairein), which means to shine or gleam.1   For 
several centuries it has been used as a principle façade material because of many distinctive 
characteristics such as color, texture, and the ability to take a highly polished finish.  In the past, 
marble blocks used in construction had to function as load bearing elements and were sized 
accordingly.  However, as building technology improved with the rise of steel frame construction 
in the 19
th
 century, reduced wall thicknesses became possible and façade materials no longer had 
the same structural responsibilities.  During the mid-20
th
 century thin panels of marble, ranging 
from 20-50 mm, appeared as exterior cladding on structures around the world.  One of the 
inherent risks involved with using marble in this manner, although, is the unusual response of 
calcite and dolomite to changes in temperature.
2
   
The permanent deformation of marble panels, commonly known as bowing, has been 
recognized as a serious problem worldwide.  Over the past few decades numerous architects, 
engineers, and scientists have worked toward better understanding and preventing this 
phenomenon.  In 2000 the EU commissioned a multi-dispensary project consortium working 
under the acronym TEAM (Testing and Assessment of Marble and Limestone) to create a report 
detailing the mechanisms behind thermal deformation and develop a better understanding of 
bowing potential for different marble types.  For obvious reasons the report focused primarily on 
                                                 
1 "marble." Dictionary.com Unabridged. Random House, Inc. 
 <Dictionary.com http://dictionary.reference.com/browse/marble>. 
2 Lewis, Michael D., ed. Modern Stone Cladding: Design and Installation of Exterior Dimension  Stone Systems.  
Philadelphia, PA: ASTM, 1995 
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marbles originating from Europe.  However, little published scientific analysis of the effects of 
repeated thermal cycles on North American marbles, more specifically Tuckahoe, Colorado, 
Vermont, and Georgia exists.   
There is a wide variety of factors that contribute to the deformation of marble panels.  
However, the aim of this thesis is to specifically study the effects of repeated thermal cycles on 
the aforementioned marble types in a laboratory environment.  The TEAM report and several 
other papers arrived at the conclusion that the most critical parameters influencing bowing 
potentials are type specific characteristics such as grain size, boundary type, and size 
distribution.
3
  Considering that the marbles being tested vary greatly in physical characteristics as 
well as mineralogical composition, the potential for thermal deformation and disintegration 
between them will likely be just as dissimilar.  For this reason, there is an important and 
recognizable need for a study of this type to accurately and effectively develop preservation 
strategies. 
Literature Review: 
 The literature on the deformation of marble due to thermal stress is extensive.  The results 
of the TEAM project have, by themselves, spurred dozens of reports and presentations.  
However, there is little information available on the deformation of Georgia, Colorado, 
Tuckahoe, and Vermont marble.   
 One of the earliest publications addressing the issue of the effects of thermal cycling on 
North American marbles is a technical paper from the U.S. Department of Commerce written in 
1919, Physical and Chemical Tests on the Commercial Marbles of the United States.  The 
author, Daniel Kessler, studied and gathered testing data on a wide variety of parameters 
                                                 
3 TEAM. Testing and Assessment of Marble and Limestone: Final Technical Report. 2005. 120 
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including the effects of repeated temperature change and thermal expansion.  Each test used a 
different number of samples, different sized samples, and even different types of marble.  
Because the marbles of Vermont and Georgia were the most popular at the time, they are 
prominently featured throughout the report.   
 Kessler was able to determine many things, but most pertinent to this thesis was the 
conclusion that marble does not expand uniformly as temperature increases and each type of 
marble behaves differently.
4
  The problem with Kessler’s study is, however, that in 1919 marble 
was not being used as thin exterior cladding.  Other than a few examples of grave stones, the 
issues of hysteresis and bowing were of little importance.  
 Through the early and middle 20
th
 century, the majority of information on North 
American marbles came from two primary sources.  First, are reports written by the United 
States Geological Survey, which generally focused on specific regions of the country.  These 
reports typically gave either a general overview of the physical, chemical, and mineralogical 
properties of the marble being discussed or empirical data on the physical location and monetary 
value of the stone.  For example, in the 1906 US Geological Survey Mineral Resources of the 
United States the total national output of marble was valued at $7,582,938 with Vermont 




 Second, are publications written by marble producing companies such as the Vermont 
Marble Company.  The content of these reports varied from general examination of quarry 
geology to sophisticated analysis of specific marble veins.  G. W. Bain, the geologist of the 
                                                 
4 Kessler, Daniel W. Physical and Chemical Tests on the Commercial Marbles of the United States 
  Washington, D.C.: Govt. Print. Off., 1919 




Vermont Marble Company during the 1920’s-1930’s and geology professor at Amherst College, 
wrote extensively on various characteristic of marble including a paper on “Measuring Grain 
Boundaries in Crystalline Rocks,” which was one of the first  to associate the impact of the 
alignment of calcite crystals on thermal expansion.
6
 
 The deformation of thin marble panels used as exterior cladding was recognized almost 
as soon as it became a common practice.  In 1962 the Marble Institute of America published a 
reference book on different structural properties of marble entitled The Marble Engineering 
Handbook.  In this handbook there is an entire section dedicated to the use of thin marble panels 
as exterior cladding.  For the most part, the book only describes thickness, attachment, aesthetic, 
and weathering considerations of the cladding however, it does briefly mention that, 
“experimental evidence from Armour tests indicates that continuous heating and cooling of 
marble causes some slight residual expansion due to the loosening of the crystal bonds.  This 
heating and cooling diminishes the strength of the marble, which depends on the strength of 
these crystal bonds.” 
 The largest contribution to date on the understanding of the deformation of marble was 
made in the early 2000’s when, as mentioned previously, the EU commissioned a multi-
disciplinary group working under the acronym TEAM (Testing and Assessment of Marble and 
Limestone) to create a report detailing the mechanisms behind thermal deformation and develop 
a better understanding of bowing potential for different marble types.  The TEAM project had 
three primary objectives: “1. to establish a sound understanding based on natural sciences of the 
phenomena leading to poor field performance of marble clad facades; 2. to develop a laboratory 
test method for determination of potential bowing of thin slabs of natural stone, and, 3. to 
                                                 
6 Bain, George W. "Measuring Grain Boundaries in Crystalline Rocks." The Journal of Geology 49.2  
 (1941): 199-206. 
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develop a field monitoring, evaluation and repair guide for facade cladding, which will include 
risk assessment and service life prediction.”7  In order to achieve these objectives, extensive 
analysis was performed on nearly 200 buildings that showed deformation and testing was 
performed on 86 different marble types over a five year period.   
 The results of the TEAM project greatly furthered both the understanding of the causes of 
thermal deformation in marbles as well as the awareness that it is a worldwide phenomenon not 
limited to one type of marble or one type of climate.  As a result of testing almost 100 different 
types of marble the experiments were able to confirm that the primary factor influencing thermal 
deformation is elevated temperature in the presence of a moisture gradient, which creates 
external stresses.  Influencing these responses are the complexity of the grain boundaries and the 
grain size distribution of mineral grains in the marble.  These provide, “different bonding 
strength between the mineral grains due to the complexity of the arrangement of the grain 
boundary and in combination with the crystal structure.”8 
 Also because of TEAM, many testing procedures have become accepted standards such 
as the Nordtest BUILD 499 bowing potential test, which can be adapted and used for predicting 
the remaining service life of a specific marble on a particular building.   
 The Nordtest BUILD 499 bowing potential test involved using standard sample sizes of 
400 mm length, 100 mm width, and 30 mm thickness.  The samples were dried at 40
◦
 C for 
several days until a consistent weight was achieved.  Afterward, they were cooled to 20
◦
 C and 
then partially submerged into water for 24 hours. 
 The samples were then placed on a filter cloth in an insulated chamber.  Inside the 
chamber, a tray was filled with distilled or demineralized water to roughly 10 mm below the top 
                                                 
7 TEAM. 6 
8 TEAM. 125 
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face of the sample.  Thermal cycles then began by heating the samples from a source above them 
to a temperature of 80
◦
 C over a one to three hour period.  This temperature was held for two to 
three hours and then the heating was turned off, allowing the samples to return to ambient room 
temperature and cool until 24 hours had passed since the beginning of the thermal cycle. 
 Bowing was measured at 20
◦
 C intervals after a set number of cycles.  It was found that a 
minimum of 25 cycles should be used and depending on the severity and shape of the bowing 
additional cycles may be required. 
 It is important to note that the TEAM final report did make a point to state that, “The 
results from the investigations showed that the test itself is quite sensitive to a range of 
parameters, ranging from how careful the test specimens is handled by the operator during the 
test period, to the heating rate of the temperature cycle. A number of factors therefore have to be 
controlled to enhance the reproducibility of the data.”9 
 It was found that one time measurements are of little use due to large diurnal and 
seasonal variations, and, long-term monitoring is important because the repeated measurements 
insured more reliable results.  Ultimately the findings of the TEAM project have led to better 
understanding of how and why marble deforms and helped develop guidelines concerning the 
use of suitable marble for exterior cladding.   
Factors Influencing Thermal Expansion: 
Several factors contribute to the deformation of marble due to thermal expansion.  
Physical characteristics of the stone such as grain size, grain size distribution, grain boundary 
configurations, and the preferred orientation of principal minerals have a great influence on the 
                                                 
9 TEAM. 78-80 
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extent of deformation.  Therefore, certain properties that affect the thermal performance of 
marble will be discussed briefly: 
Mineralogy: 
 Marble, geologically speaking, is a metamorphic rock created when limestone is exposed 
to extreme temperatures and pressures over an extended period of time.  It is primarily composed 
of calcite (CaCO3), dolomite (Ca,Mg(CO3)2), or a combination of the two.  While both are 
similar in composition (Figure 1.1), they often perform very differently in response to external 
stimuli.  Depending on the original limestone and the conditions of metamorphoses, marbles can 
contain varying amounts of accessory minerals including quartz, hematite, muscovite, talc, and 
pyrite, all of which can have an impact on the thermal performance of marble.  











 a) calcite     b) dolomite     
Figure 1.1 
(Source: National Technical School of Athens School of Mining and Metallurigcal Engineering) 
 
Thermal Expansion: 
It is important to understand the process of thermal expansion in the application of 
dimension stone as an architectural element.  Thermal expansion refers to the relative length 
change due to changing temperature and is non-linear in its relationship to temperature. That is to 
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say that the thermal expansion coefficient depends on a specified temperature interval.  
According to Siegesmund and Snethlage, “the thermal dilatation coefficient (α) can be calculated 
as the ratio between the length change of the samples ΔL and the original sample length L 
multiplied by the temperature interval ΔT in Kelvin:”10  
α = ΔL/L×ΔT 
The mineralogy and physical characteristics of the stone determine much of its thermal 
properties.  One of the principle differences is that calcite tends to display more anisotropic 
characteristics in response to changes in temperature.
11
   
 
Figure 1.2 
 Anisotropic thermal behavior of a single calcite crystal (Siegesmund and Snethlage, 242) 
 
Figure 1.2 depicts the anisotropic characteristics of a calcite crystal.  It shows how the 
calcite does not expand and contract in a uniform manner.  Thus describing how direction and 
orientation of the constituent minerals within marble play a vital role in the effects of thermal 
cycling on the stone.  Not all marble, however, expands in the same manner. 
In fact, there are four main categories that express the behavior of marble in response to 
thermal cycles: (a) isotropic thermal expansion without residual strain; (b) anisotropic thermal 
                                                 
10 Siegesmund, Siegfried and Rolf Snethlage., Ed. Stone In Architecture: Properties, Durability. 4th ed. Berlin  
Heidelberg: Springer, 2011. 159. 
11 TEAM. 66 
Siegesmund, S., Et al. “Physical weathering of marbles caused by anisotropic thermal expansion,”  
Int. J. Earth Sciences, 89, pp. 170-182. 2000 
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expansion without residual strain; (c) isotropic thermal expansion with residual strain; and, (d) 




Schematic illustrations of the thermal expansion behavior of marble samples. The arrows indicate 
directions of temperature change (Siegesmund and Snethlage, 151) 
 
Residual strain (εrs), “characterizes the thermal sensitivity of a rock” after thermal 
exposure and can be defined the ratio of the change in length of the sample when it returns to 
room temperature (ΔLrt) and its original length (L).
 12
  
εrs = ΔLrt/L 
Grain Size: 
The influence of grain size on the thermally induced deformation of marble is still under 
debate.  Zeisig et al., (2002) states that grain size is not considered to be as important of a factor 
in the deterioration of marble.  In laboratory tests, marbles with large grain sizes displayed the 
same degree of residual strain as marbles with smaller grain sizes.
13
  However, Seigesmund et 
                                                 
12 Siegesmund and Snethlage. 159. 
13 Zeigsig et al. 2002 
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al., (2000) state that grain size may be of critical importance in the development of thermally 




For the purpose of this thesis grain size designations such as fine, medium, and coarse 
will refer to the sizes listed on table 1.1.  These values were determined based on measurements 
made on the four sample types being studied; Georgia, Colorado, Tuckahoe, and Vermont. 
Table 1.1 
Size Designation Standard Diameter (mm) 
Fine 0.0 – 0.9 
Medium 1.0 – 2.9 
Coarse 3.0 + 
 
Grain Size Distribution and Boundary Type: 
Granoblastic refers to a static recrystallization through metamorphosis of the stone 
resulting in a grain boundary area reduction and relatively equal sized crystals with straighter 
grain boundaries.  Xenoblastic refers to, “a fabric of dynamic recrystallized marble... composed 
of old anhedral grains surrounded by subgrains, forming a seriate interlobate grain aggregate.”15  
Several tests have shown that marbles with a granoblastic texture have high bowing potentials, 
while marbles with xenoblastic texture have lower potentials.  The rationale behind this is that 
straight grain boundaries show a greater weakening in response to stress than more angular and 
interlocked grain boundaries.   
                                                 
14 Siegesmund et al. 2000 
15
 TEAM. 58-80 
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It is important to note that granoblastic and xenoblastic textures are not limited to any 
specific grain size determination.  The major distinction between the two is not based on if a 
marble is fine or coarse grained but rather; whether or not there is a wider distribution of the 
grain sizes.   That is to say, a marble with generally larger grain sizes can be either granoblastic 
or xenoblastic.  The same is also true for smaller grain marbles.  
 
Figure 1.4 
(Passchier and Rudolph, 2005) 
The red dashed box on Figure 1.4 indicates granoblastic textures where the blue box 
indicates more xenoblastic textures.  The main difference between the two is the relative 
distribution of grain sizes.  Although granoblastic textures are more associated with having 
euhedral or straighter grain boundaries, equal distribution of more angular grains still are 
considered granoblastic.  Likewise, xenoblastic textures are most commonly associated with 





 Siegesmund et al., 2000 state that the lattice preferred orientation, in addition to the grain 
fabric, greatly influences the deformation of marble.  The preferred orientation of the principal 
minerals in marble causes a directional dependence of the thermal expansion coefficient and 
residual strain. That is to say that the alignment and positioning of the calcite and dolomite 




 Each of the four marble types being studied varies in both physical and mineralogical 
characteristics.  While similarities exist between them, each exhibits a wide range of properties.  
Therefore, a basic overview of the characteristics of the marble will discussed briefly.  Thin 
sections of sample were used to determine the grain size and boundary type classification and 
energy dispersive spectroscopy (EDS) was used to determine the mineralogical composition of 
the stones. 
Georgia: 
 The sample of Georgia marble being studied is a mostly granoblastic coarse grained 
calcite marble primarily white in color with grey bands running through it.  The thin section did 
show, however, that there are medium grains dispersed within the fabric.  Also, the grain 
boundaries are largely angular.  EDS analysis did find that there were small amounts of 
magnesium and silica inclusions in the marble.  According to the supplier’s specifications it has a 
compressive strength of 9,883 psi, density of 170 lb/ft
3
, modulus of rupture of 1,467 psi, 
absorption by weight of 0.08%, and specific gravity of 2.724. 
13 
 
  Notable uses of Georgia marble include the New York Stock Exchange in New York 
City, statue of Abraham Lincoln at the Lincoln Memorial in Washington, D.C., and the state 




Georgia Marble Sample 50x 
(notice the relatively equal distribution of coarse grains indicating a granoblastic texture)  
Figure1.5 
Vermont: 
 The sample of Vermont marble being studied is a mostly xenoblastic fine grained calcite 
marble entirely white in color with few or no bands of any kind.  There appears to be a 
heterogeneous dispersal of both fine and medium grain size in the stone.  EDS analysis showed 
that there are a small amount of silica inclusions. 
 According to the supplier’s specifications it has a compressive strength of 9,475 psi, 
density of 169.2 lb/ft
3
, modulus of rupture of 1,077 Psi, absorption by weight of 0.06%, and 
specific gravity of 2.711.  Notable uses of Vermont marble include the Jefferson Memorial, the 
                                                 
16 "White Georgia - Marble: Technical Information." <http://www.polycor.com/eng/products/view/80>.  
"Sweet's" Catalogue of Building Construction for the Year 1911. N.Y.: Architectural Record, 1911. 
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Vermont Marble Sample 50x 
(notice the unequal distribution of medium and fine grains indicating a xenoblastic texture)  
Figure1.6 
Tuckahoe: 
 The sample of Tuckahoe marble being studied is a more xenoblastic coarse grained 
dolomitic marble primarily white in color with few or no bands of any kind.  The rock fabric is 
found to be predominately coarse grained however; medium sized grains are present enough 
throughout the matrix that they should be recorded.  Other than the magnesium found in 
dolomite, the EDS analysis did not find many traces of silica based minerals. 
 According to various historical sources it has a compressive strength of 13,076 psi, 
density of 179 lb/ft
3
, modulus of rupture of 1,788 psi, absorption by weight of 0.14%, and 
                                                 




specific gravity of 2.868.  Notable uses of Tuckahoe marble include the Washington Memorial 




Tuckahoe Marble Sample 50x 
(notice the relatively unequal distribution of medium and coarse grains indicating a xenoblastic texture) 
Figure1.7 
Colorado: 
 The sample of Colorado marble being studied is a generally granoblastic fine grained 
calcite marble entirely white in color with little or no bands of any kind.  It was found that 
Colorado had the smallest average grain size of all the different types.  Some grains are as fine as 
.05 mm.  Despite this, the vast majority of grains range in the .03 - .05 mm region.  Colorado 
marble also has the least angular boundary type of all the samples being tested. 
 According to a number of sources it has a compressive strength of 14,841 psi, density of 
168.7 lb/ft
3
, modulus of rupture of 1,374 psi, absorption by weight of 0.16%, and specific gravity 
                                                 
18 Newland, D. H. The Quarry Materials of New York-- Granite, Gneiss, Trap and Marble,. Albany: University of 
the State of New York, 1916.   
Report of the Tests of Metals and Other Materials [for Industrial Purposes]. Washington: Govt.  Off., 1915.   
United States of America. Dept of the Interior. USGS. Mineral Resources of the United States. 
Washington: G.P.O., 1906.   
16 
 
of 2.704.  Notable uses of Colorado marble include the exterior of the Lincoln Memorial 





Colorado Marble Sample 50x 










                                                 
19 McGee, Elaine S. Colorado Yule Marble: Building Stone of the Lincoln Memorial. Washington:  United 
States Government Printing Office, 1999. 
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Chapter 2: Methodology 
Preparation: 
Cylindrical cores were drilled from sample blocks using a 50 mm diameter diamond core 
drill.  Once extracted, each core was cut using an Accutom-50 precision cut-off machine to 
produce disks approximately 10 mm in thickness.  Thirty disks were cut per marble type, 
resulting in ten per thermal treatment.  Samples were then thoroughly rinsed with water and 
placed inside a container with silica gel at room temperature for several days.  The purpose 
behind using the silica gel was to insure that the sample disks were completely dry without the 
use of applied heat, which could cause a premature thermal reaction.  The samples were then 
placed in separate containers and allowed to acclimate to the ambient temperature and relative 
humidity of the laboratory where the temperature cycles were performed for several more days.   
Each disk was numbered and marked according to which thermal cycle they would be 
subjected to, heating, cooling, or none.  Before being placed in the thermal chambers, each 
sample was weighed and measured.  The Accutom-50 allows for precise cutting however, 
because of the manner in which the sample core is held in place, not all cores were exactly 
perpendicular to the blade.  This resulted in a slight variance in thickness between disks.  The 
thicknesses recorded in the Appendix are an average of three measurements per sample.    
The ultrasonic velocity of the samples was also measured with a Pundit 6 pulse velocity 
machine both before and after thermal cycles.  It is important to mention that marble, because of 
the directed orientation of the constituent materials, tends to show a number of different 
velocities depending on the orientation of the sample.  In response to this, the placement of the 
samples remained consistent for both measurements before and after the cycles.  Using the 
Pundit 6 requires applying force to hold the samples in place.  When done by hand, the 
18 
 
consistency of the applied force varied.  In order to insure more reliable readings a loading cell 
was constructed that allowed for an equal force of 20 lbs to be applied to hold each sample in 




 The samples were exposed to 60 thermal cycles, 3 cycles a day for 20 days.  The cooling 
cycle ranged from approximately -10 
o
C to 28 
o
C and the heating cycle from 30 
o
C to 63 
o
C.  The 
temperature and relative humidity of the chambers were measured using a Hobo digital data 
logger. 
 For the cooling cycle, ten sample disks were placed inside a cooling chamber that was set 
to go to roughly -10
o
C.  The chamber was put on a continuous rotating eight hour cycle in which 
for four hours it was on and four hours it was off.  This allowed adequate time for the samples to 






For the heating cycle, ten sample disks were placed inside a heating chamber that was set 
to go to roughly 55
o
C.  The chamber was put on a continuous rotating eight hour cycle in which 
for four hours it was on and four hours it was off.  This allowed adequate time for the samples to 




Due to limitations in the size of sample blocks acquired for this thesis, the Nordtest 
BUILD 499 bowing potential test used by TEAM could not be precisely carried out. The 400 
mm length, 100 mm width, and 30 mm thickness sample size requirements were unable to be 
met and therefore the testing procedures had to be adapted.  In place of constructing a chamber 
heated by a radiant heating device with a tray of demineralized water that covered the bottom 
portion of the samples, a 100 series Fisher ISOTEMP Oven was used as the heating chamber for 
the samples.  This method did not allow for the inclusion of a tray with demineralized water.  
The oven was set to a maximum temperature of 60
o
C.  It was placed on a timer that switched the 
power between on and off every three hours.   
The maximum temperature of 60
o
C was chosen over the Nordtest standard of 80
o
C 
because all of the samples in this thesis were white in color and tend to reach lower maximum 
temperatures in the field than darker colored marble that were included in the Nordtest test.  The 
samples were also not given a 24 hour period to re-acclimate to the ambient temperature of the 
laboratory because of time constraints.   
Measurements: 
 After the samples had completed their cycles they were taken out of the thermal 
chambers and allowed to acclimate to the ambient temperature and relative humidity of the 
20 
 
laboratory for a 24 hour period.  Their dimensions, weight, and ultrasonic velocities were all 
measured a second time in the same manner as before.  The results can be found in the appendix. 
 The samples were then subjected to a two ring biaxial flexure strength test using an 
Instron 5569A load frame with a 25kN loading cell.  The testing procedure was adapted from 
ASTM C1499-09 “Standard Test Method for Monotonic Equibiaxial Flexural Strength of 
Advanced Ceramics at Ambient Temperature.”  Each sample was centered on the bottom support 
ring while a load was applied directly overhead.  The time, compression extension, and load 
were all recorded using the Bluehill Materials Testing software for Instron instruments.  The 








Where F = the maximum fracture load, v = Poisson’s Ratio20, DS = diameter of the support ring, 






                                                 
20 For this thesis .25 was used as the Poisson’s Ratio value for all marble samples. 
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Chapter 3: Findings and Discussion 
Results: 
 All of the measurements and testing results for each sample can be found in the appendix.  
However, Graph 3.1 shows the average fracture load over time for each thermal cycle of each of 
the marble types.  Table 3.1 shows the average value calculated per sample group for the biaxial 
flexure modulus of rupture and the percent difference between thermally treated and untreated 
samples.  Also included is the ultrasonic velocity before and after thermal treatment as well as 
the percent difference between the two.  The weight and dimension measurements are not 






















































































































































































Samples Biaxial Flexure 
Modulus of 
Rupture (MPa) 
% Difference Between 











Georgia      
   Untreated 3.90 - 5400 - - 
   Cooling 4.03 3.16% 5300 5800 7.3% 
   Heating 4.04 3.34% 5400 5200 -5.4% 
Colorado      
   Untreated 2.88 - 3600 - - 
   Cooling 2.50 -15.35% 3700 4200 11.7% 
   Heating 2.31 -24.39% 3900 3400 -16.2% 
Tuckahoe      
   Untreated 3.81 - 4600 - - 
   Cooling 4.09 7.06% 4400 5400 18.6% 
   Heating 4.33 12.17% 4400 5000 12.7% 
Vermont      
   Untreated 3.21 - 5000 - - 
   Cooling 2.73 -17.57% 5100 4500 -14.0% 
   Heating 2.82 -13.87% 5000 3600 -37.8% 
 
 The table shows that the average biaxial flexure modulus of rupture for the Georgia 
marble samples actually increased after thermal cycling.  Georgia samples displayed the least 
amount of change out of all four marble types.  They also exhibited the lowest distribution of 
rupture modulus values for the untreated, cooling, and heating cycles.   
 Overall Georgia marble showed the smallest change in ultrasonic velocity.  The cooling 
cycle samples showed an increase in velocity where the velocity for the heating cycle sample 
decreased.  The absolute value for change was greater for the cooling cycle. 
 The Tuckahoe samples also showed an increase in the average biaxial flexure modulus of 
rupture after thermal cycling.   The change was the second smallest percent difference out of the 
four types.  The samples that underwent cooling cycles measured a lower increase than the 
samples that underwent heating cycles. 
 The Tuckahoe samples measured an increased velocity for both the heating and cooling 
cycles.  The range of these values was the lowest of all the marble types.  The increase in 
velocity for the cooling cycle samples was greater than that of the heating. 
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 The average modulus of rupture for the Colorado marble samples showed a marked 
decrease in response to the cycling.  Overall the change was the largest recorded of the four 
types.  The range of rupture modulus values was also the largest.  The heating cycle samples 
showed a significant decrease of nearly 25% where the cooling cycle sample decreased by nearly 
15%. 
 The ultrasonic velocity of the Colorado samples was similar to that of the Georgia.  The 
cooling cycle samples showed an increase in velocity where the heating samples showed a 
decrease.  However, in this case the heating cycle samples had the greater absolute value for 
change. 
 The Vermont marble samples showed a decrease for both heating and cooling cycles for 
the modulus of rupture.  The percent change was the second highest among the four types.  
However, the cooling cycle sample showed a greater decrease than the heating cycle samples. 
  For the ultrasonic velocity, the Vermont sample values decreased for both heating and 
cooling cycles.  Furthermore, Vermont marble showed the greatest change and range of values 
for ultrasonic velocity.  The cooling cycles samples measured a 14% decrease where the heating 
cycles samples decreased by almost 38%. 
 The results from testing largely agree with the findings from previous studies.  The large 
grain marbles, Georgia and Tuckahoe, fractured at significantly higher loads than the finer grain 
marbles from Vermont and Colorado.  This could possibly be attributed to the fact that when the 
constituent minerals expand in response to thermal cycling, there is a greater amount of grain 
boundary surface area disrupted in the finer grained marbles.   
 The data indicate that Georgia and Tuckahoe marbles have a higher Young’s Modulus 
than Colorado and Vermont.  Young’s Modulus, or the modulus of elasticity, is a measurement 
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of the stiffness of an elastic material and is defined as the ratio of stress over strain.
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  Graph 3.1 
and the graphs in the appendix show stress over time and therefore do not directly depict the 
modulus of elasticity.  However, they do give an indication of the stiffness of each marble type.   
The difference between the coarser and finer grained marble could potentially be 
explained by characteristics of the grain sizes and boundaries.  As cracks form along the grain 
boundaries in the larger grained marbles, they travel further distances and have greater impacts.  
In fine grained marbles, cracks encounter the intersection of more grain boundaries and the 
stone, although less strong, has better interior support.  Grain suturing may also be occurring in 
the Vermont and Colorado marbles.  This could also explain why Vermont and Colorado 
marbles took a longer period of time to reach their fracture point. 
 Even though they have relatively similar grain sizes, Vermont marble showed a 
considerably better resistance to fracturing than Colorado.  This could possibly be attributed to 
the fact that the Vermont marble samples have a more xenoblastic grain distribution and a more 
angular grain boundary type as highlighted in Figure 3.1.  The heterogeneous nature of the fabric 
could provide stability by locking the grains in place thus providing better internal support. 
                                                 





(highlighted is the juxtaposition of irregular and unequal size grains) 
 
 However, the Colorado marble took the longest average period of time to reach the 
maximum load point.  This could be because of its granoblastic texture.  Where the xenoblastic 
texture of Vermont marble could have provided better internal support, the granoblastic texture 
in Colorado marble could result in a less stiff material.  The same can be applied to the larger 
grained marbles.  The Georgia samples have a more granoblastic fabric than Tuckahoe.  They 
also had a lower average maximum fracture point but took slightly longer to reach it. 
 It also should be noted that the quarrying of Tuckahoe marble in large enough quantities 
to be used in architectural capacities had ceased well before thin panels began to be used as 
exterior cladding.  For this reason there is no evidence of Tuckahoe being used in this manner.  
However, according to the results found in this thesis it maybe be concluded that Tuckahoe 






 From the results gathered, the following conclusion can be proposed: 
Test Findings: 
- Georgia marble displayed the least change in strength as a result of thermal cycling.  It 
also showed the lowest absolute value in change for ultrasonic velocity.   
- Tuckahoe marble displayed the second least change in strength as a result of thermal 
cycling.  It also measured an increased velocity for both the heating and cooling cycles.  
The range of values was the lowest out of all the marble types.   
- Vermont marble displayed the third least change in strength as a result of thermal 
cycling.  It also measured a decreased velocity for both heating and cooling cycles and 
showed the greatest change and range of values for ultrasonic velocity. 
- Colorado marble displayed the most change in strength as a result of thermal cycling 
especially in response to heating cycles, which resulted in a nearly 25% decrease in 
strength.   
Grain Size and Distribution and Boundary Type: 
- Grain size has a tangible impact on the biaxial flexure strength in marble.  The finer 
grained marbles examined in this study had a lower Young’s Modulus and modulus of 
rupture. 
- Grain size distribution also has an influence on the marbles.  Xenoblastic textures seem to 
allow for greater internal strength but exhibit more stiff deformation curve. 
- This could potentially be because it takes a greater force to break the bonds between 
grains in a xenoblastic fabric; however, once cracks are formed granoblastic fabrics are 
better able to support themselves because of their similar size and shape. 
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Limitations and Recommendations for Continued Study: 
 The results of testing yielded almost as much information on the testing procedures and 
practices as on the thesis question itself.   
 It has been proven that the presence of moisture greatly impacts the thermal deformation 
of marble.  One of the most prominent limitations with the testing procedures in this thesis is that 
moisture was not intentionally included in the thermal cycling.  With large enough samples, it 
would be prudent to follow the same Nordtest bowing potential test used in previously published 
experiments.  Another option that also includes moisture control but could smaller circular 
sample disks would be to use a QVC automated weathering machine. 
 It would also be beneficial to simulate changes in relative humidity according to the 
seasonal natural weather patterns of specific locations.  For example, in New York City during 
the winter humidity can fluctuate between relatively dry and very wet a few times during the 
same day.  However unless there is a consistent rain, in the summer the humidity remains mostly 
low.  Incorporating such cycles could improve the knowledge of how marble would begin to 
deform in certain locations. 
 One factor that may have contributed to the general trend of increasing ultrasonic 
velocity for the majority of samples subjected to cooling cycles was the presence of moisture in 
pore space that had not completely evaporated.  The data logger in the heating chamber recorded 
low humidity for the duration of the testing cycles.  However, the data logger in the cooling 
chamber measured regular fluctuations in humidity as the temperature changed.  This was likely 
because as the temperature rose above the freezing point any water that was contained within the 
unit thawed and came into contact with the samples.  Condensation could have also collected on 
the samples once they were taken from the freezer.  When the samples had completed the 
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cycling, they were left in the laboratory overnight to get acclimated to the RH.  This, however, 
may not have been adequate time for any moisture that was still contained in the pore spaces of 
the marble to fully evaporate.  Since ultrasonic velocity in marbles can be extremely sensitive to 
the presence of moisture, any water that was still inside the sample could have greatly impacted 
the results.  Future analysis using this procedure should consider drying the samples in a sealed 
silica gel container for a period of time that would insure that all moisture had left the marble. 
  
 The biaxial flexure testing presented some initial issues.  First, the height of the 
supporting ring on the bottom plate was shallow enough that even when a sample reached the 
maximum fracture load, the load cell would continue to press on the disk as it was being held in 
place against the base of the support ring plate.  This often resulted in continually recording 
forces until the sample cracked entirely.  The procedure would be improved if the support ring 
height was increased enough so that the sample would not come in contact with bottom of the 
plate. 
 Marble’s anisotropic nature can greatly influence the outcome of several tests.  Both the 
biaxial flexure test and the ultrasonic velocity can produce a variety of different results 
depending on the orientation of the principal constituent minerals in the stone.  The inclusion of 
different mineral veins in marble can also have a great impact on testing results.  All of the 
sample disks were taken from only one block for each marble type.  This insures some degree of 
consistency in the testing.  However, not all marble panels will have the same orientation or 
presence of other minerals as the samples tested.  To develop a more complete understanding of 
the impact of thermal cycling a greater number of samples, of each type, should be included in 
the testing procedures.  There should also be samples of several different orientations with 
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respect to veining or foliation in order to better understand the impact of the preferred orientation 
of the principal calcite and dolomite crystals as well as other mineral inclusions. The data 
presented is collected from a relatively small sample base.  Including more samples of every type 



























GH1 8.5 5.7 8.8 5.5 -3.5% 46.23 46.51 0.6% 48.16 48.16 0.0% 9.43 9.43 0.0% 1871.94 3.73 
GH2 8.6 5.6 9.2 5.2 -7.0% 47.13 47.14 0.0% 48.16 48.16 0.0% 9.50 9.52 0.2% 2055.35 4.02 
GH3 8.9 5.4 9.3 5.2 -4.5% 46.54 46.50 -0.1% 48.16 48.16 0.0% 9.43 9.44 0.1% 1801.78 3.58 
GH4 9.1 5.3 9.4 5.1 -3.3% 45.94 45.91 -0.1% 48.16 48.16 0.0% 9.34 9.34 0.0% 2316.42 4.71 
GH5 8.9 5.4 9.5 5.1 -6.7% 46.41 46.37 -0.1% 48.16 48.16 0.0% 9.42 9.43 0.1% 1957.70 3.90 
GH6 9.0 5.4 9.5 5.1 -5.6% 46.44 46.43 0.0% 48.16 48.16 0.0% 9.42 9.42 0.0% 1858.08 3.71 
GH7 9.8 4.9 10.5 4.6 -7.1% 46.45 46.42 -0.1% 48.16 48.16 0.0% 9.43 9.42 -0.1% 2131.51 4.26 
GH8 8.7 5.5 9.4 5.1 -8.0% 46.35 46.33 0.0% 48.16 48.16 0.0% 9.42 9.42 0.0% 2393.13 4.78 
GH9 8.9 5.4 9.1 5.3 -2.2% 46.36 46.33 -0.1% 48.16 48.16 0.0% 9.41 9.41 0.0% 2374.05 4.75 
GH10 8.4 5.7 8.9 5.4 -6.0% 46.50 46.47 -0.1% 48.16 48.16 0.0% 9.43 9.44 0.1% 1481.14 2.95 
average: 8.9 5.4 9.4 5.2 -5.4% 46.44 46.44 0.0% 48.16 48.16 0.0% 9.42 9.43 0.0% 2024.11 4.04 
stan dev 0.39 0.23 0.47 0.24 0.02 0.30 0.30 0.00 0.00 0.00 0.00 0.04 0.04 0.00 289.82 0.6 
                 
GC1 9.2 5.2 8.8 5.5 4.3% 46.40 46.37 -0.1% 48.16 48.16 0.0% 9.42 9.43 0.1% 1653.18 3.30 
GC2 9.2 5.2 8.3 5.8 9.8% 46.38 46.36 0.0% 48.16 48.16 0.0% 9.42 9.44 0.2% 2338.51 4.65 
GC3 8.5 5.7 7.8 6.2 8.2% 46.33 46.32 0.0% 48.16 48.16 0.0% 9.42 9.42 0.0% 2350.37 4.70 
GC4 8.8 5.5 8.1 5.9 8.0% 46.20 46.17 -0.1% 48.16 48.16 0.0% 9.40 9.39 -0.1% 1972.51 3.97 
GC5 8.6 5.6 8.1 5.9 5.8% 46.59 46.56 -0.1% 48.16 48.16 0.0% 9.44 9.46 0.2% 1793.89 3.55 
GC6 9.4 5.1 8.8 5.5 6.4% 46.28 46.26 0.0% 48.16 48.16 0.0% 9.39 9.40 0.1% 2278.21 4.57 
GC7 9.1 5.3 8.6 5.6 5.5% 46.52 46.51 0.0% 48.16 48.16 0.0% 9.44 9.45 0.1% 2173.38 4.32 
GC8 9.2 5.2 8.7 5.5 5.4% 46.43 46.41 0.0% 48.16 48.16 0.0% 9.43 9.43 0.0% 2268.78 4.52 
GC9 9.2 5.2 8.3 5.8 9.8% 47.41 47.39 0.0% 48.16 48.16 0.0% 9.66 9.63 -0.3% 1640.60 3.14 
GC10 9.0 5.4 8.1 5.9 10.0% 46.52 46.50 0.0% 48.16 48.16 0.0% 9.46 9.45 -0.1% 1831.84 3.64 
average: 9.0 5.3 8.4 5.8 7.3% 46.51 46.49 0.0% 48.16 48.16 0.0% 9.45 9.45 0.0% 2030.13 4.03 
stan dev 0.29 0.18 0.35 0.24 0.02 0.34 0.34 0.00 0.00 0.00 0.00 0.08 0.07 0.00 284.59 0.6 
                 
GN1 9.4 5.1    46.41   48.16   9.43   1704.68 3.40 
GN2 8.4 5.7    46.35   48.16   9.40   2123.70 4.26 
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GN3 9.3 5.2    46.53   48.16   9.45   2317.62 4.60 
GN4 8.3 5.8    46.37   48.16   9.43   1875.46 3.74 
GN5 8.8 5.5    46.63   48.16   9.45   2595.10 5.15 
GN6 8.9 5.4    46.31   48.16   9.40   1874.01 3.76 
GN7 8.9 5.4    46.96   48.16   9.57   1965.62 3.81 
GN8 9.1 5.3    46.27   48.16   9.40   2458.61 4.93 
GN9 9.1 5.3    46.57   48.16   9.46   1165.95 2.31 
GN10 9.3 5.2    46.48   48.16   9.44   1550.85 3.09 
average: 9.0 5.4    46.5   48.2   9.4   1963.16 3.90 




















































































































































































































































difference max load (N) Mod of 
Rupture 
(MPa) 
CH1 13.7 3.5 14.3 3.4 -4.38% 46.01 45.98 -0.1% 48.16 48.16 0.0% 9.38 9.37 -0.1% 1249.36 2.52 
CH2 11.7 4.1 14.1 3.4 -20.51% 45.20 45.16 -0.1% 48.16 48.16 0.0% 9.20 9.21 0.1% 1375.14 2.87 
CH3 12.3 3.9 15.0 3.2 -21.95% 45.94 45.91 -0.1% 48.16 48.16 0.0% 9.36 9.36 0.0% 1368.00 2.77 
CH4 12.1 4.0 13.2 3.6 -9.09% 48.99 48.96 -0.1% 48.16 48.16 0.0% 10.02 10.03 0.1% 1492.17 2.63 
CH5 13.2 3.6 16.0 3.0 -21.21% 46.09 46.06 -0.1% 48.16 48.16 0.0% 9.38 9.41 0.3% 1015.44 2.03 
CH6 12.0 4.0 14.1 3.4 -17.50% 47.50 47.48 0.0% 48.16 48.16 0.0% 9.69 9.82 1.3% 954.23 1.75 
CH7 11.8 4.1 13.3 3.6 -12.71% 46.16 46.13 -0.1% 48.16 48.16 0.0% 9.42 9.41 -0.1% 1142.53 2.29 
CH8 11.1 4.3 13.7 3.5 -23.42% 45.98 45.96 0.0% 48.16 48.16 0.0% 9.35 9.35 0.0% 1160.08 2.35 
CH9 12.3 3.9 15.0 3.2 -21.95% 46.09 46.07 0.0% 48.16 48.16 0.0% 9.39 9.42 0.3% 1274.95 2.55 
CH10 12.6 3.8 13.8 3.5 -9.52% 45.32 45.29 -0.1% 48.16 48.16 0.0% 9.26 9.23 -0.3% 651.21 1.36 
average: 12.3 3.9 14.3 3.4 -16.23% 46.3 46.30 -0.1% 48.16 48.2 0.0% 9.45 9.46 0.2% 1168.31 2.31 
stan dev 0.7 0.2 0.9 0.2 0.07 1.1 1.1 0.0 0.0 0.0 0.0 0.2 0.3 0.0 245.58 0.5 
                 
CC1 12.9 3.7 11.6 4.2 10.08% 45.76 45.74 0.0% 48.16 48.16 0.0% 9.34 9.34 0.0% 579.99 1.18 
CC2 12.6 3.8 11.9 4.0 5.56% 46.07 46.05 0.0% 48.16 48.16 0.0% 9.42 9.39 -0.3% 1288.11 2.59 
CC3 15.0 3.2 12.8 3.8 14.67% 46.07 46.06 0.0% 48.16 48.16 0.0% 9.40 9.37 -0.3% 1494.72 3.02 
CC4 12.9 3.7 11.8 4.1 8.53% 45.85 45.83 0.0% 48.16 48.16 0.0% 9.35 9.34 -0.1% 1489.68 3.03 
CC5 12.7 3.8 11.1 4.3 12.60% 46.38 46.35 -0.1% 48.16 48.16 0.0% 9.44 9.43 -0.1% 1496.99 2.98 
CC6 11.7 4.1 10.1 4.8 13.68% 45.95 45.92 -0.1% 48.16 48.16 0.0% 9.36 9.34 -0.2% 1506.45 3.06 
CC7 11.9 4.0 10.8 4.5 9.24% 45.65 45.61 -0.1% 48.16 48.16 0.0% 9.30 9.39 1.0% 264.24 0.53 
CC8 14.9 3.2 12.4 3.9 16.78% 45.77 45.74 -0.1% 48.16 48.16 0.0% 9.32 9.32 0.0% 1377.19 2.81 
CC9 14.1 3.4 12.6 3.8 10.64% 49.27 49.24 -0.1% 48.16 48.16 0.0% 10.10 10.09 -0.1% 1553.43 2.71 
CC10 12.4 3.9 10.5 4.6 15.32% 45.65 45.62 -0.1% 48.16 48.16 0.0% 9.29 9.29 0.0% 1465.03 3.01 
average: 13.1 3.7 11.6 4.2 11.71% 46.2 46.22 -0.1% 48.16 48.2 0.0% 9.43 9.43 0.0% 1251.58 2.50 
stan dev 1.2 0.3 0.9 0.3 0.03 1.1 1.1 0.0 0.0 0.0 0.0 0.2 0.2 0.0 449.77 0.9 
                 
CN1 16.2 3.0    48.27   48.16   9.90   1763.42 3.19 
CN2 13.1 3.7    46.49   48.16   9.46   1504.49 2.98 
CN3 12.4 3.9    45.67   48.16   9.31   1343.82 2.75 
CN4 13.6 3.5    46.17   48.16   9.40   1772.33 3.56 
CN5 16.6 2.9    45.58   48.16   9.30   1322.45 2.71 
CN6 12.2 3.9    46.03   48.16   9.44   1459.10 2.90 
CN7 13.3 3.6    45.90   48.16   9.34   1442.38 2.93 
38 
 
CN8 11.3 4.3    44.85   48.16   9.13   1184.49 2.52 
CN9 12.8 3.8    46.10   48.16   9.40   1094.16 2.20 
CN10 12.4 3.9    49.06   48.16   10.11   1701.09 2.95 
average: 13.4 3.6    46.4   48.2   9.5   1458.77 2.88 








































































































































































































































































































































































































































































































































































































 time 1 US V 
1 
















difference max load (N) Mod of 
Rupture 
(MPa) 
VH1 10.4 4.6 13.2 3.6 -26.92% 46.53 46.51 0.0% 48.16 48.16 0.0% 9.43 9.46 0.3% 1391.71 2.76 
VH2 10.7 4.5 13.8 3.5 -28.97% 46.43 46.42 0.0% 48.16 48.16 0.0% 9.43 9.43 0.0% 1449.25 2.89 
VH3 9.2 5.2 12.1 4.0 -31.52% 46.49 46.48 0.0% 48.16 48.16 0.0% 9.43 9.43 0.0% 1768.05 3.53 
VH4 10.6 4.5 13.6 3.5 -28.30% 46.42 46.41 0.0% 48.16 48.16 0.0% 9.43 9.43 0.0% 1346.24 2.68 
VH5 10.2 4.7 12.6 3.8 -23.53% 46.64 46.62 0.0% 48.16 48.16 0.0% 9.47 9.47 0.0% 1422.37 2.81 
VH6 10.0 4.8 13.3 3.6 -33.00% 46.48 46.46 0.0% 48.16 48.16 0.0% 9.44 9.43 -0.1% 1455.20 2.90 
VH7 9.2 5.2 13.0 3.7 -41.30% 46.34 46.30 -0.1% 48.16 48.16 0.0% 9.43 9.41 -0.2% 1464.27 2.93 
VH8 8.7 5.5 13.7 3.5 -57.47% 46.83 46.81 0.0% 48.16 48.16 0.0% 9.51 9.51 0.0% 1310.25 2.57 
VH9 9.1 5.3 13.2 3.6 -45.05% 46.38 46.36 0.0% 48.16 48.16 0.0% 9.50 9.43 -0.7% 1351.45 2.69 
VH10 8.7 5.5 14.1 3.4 -62.07% 46.45 46.42 -0.1% 48.16 48.16 0.0% 9.45 9.44 -0.1% 1227.65 2.44 
average: 9.7 5.0 13.3 3.6 -37.8% 46.50 46.48 0.0% 48.16 48.16 0.0% 9.45 9.44 -0.1% 1418.64 2.82 
stan dev 0.8 0.4 0.6 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 143.44 0.3 
                 
VC1 8.9 5.4 11.0 4.4 -23.60% 47.13 47.11 0.0% 48.16 48.16 0.0% 9.59 9.59 0.0% 1292.17 2.49 
VC2 8.5 5.7 10.8 4.5 -27.06% 46.32 46.30 0.0% 48.16 48.16 0.0% 9.54 9.43 -1.2% 1326.21 2.64 
VC3 9.5 5.1 11.0 4.4 -15.79% 46.46 46.44 0.0% 48.16 48.16 0.0% 9.43 9.48 0.5% 1448.16 2.86 
VC4 10.7 4.5 11.1 4.3 -3.74% 46.54 46.52 0.0% 48.16 48.16 0.0% 9.48 9.47 -0.1% 1362.97 2.69 
VC5 9.7 5.0 11.0 4.4 -13.40% 46.49 46.48 0.0% 48.16 48.16 0.0% 9.45 9.45 0.0% 1294.25 2.57 
VC6 9.2 5.2 10.5 4.6 -14.13% 46.32 46.31 0.0% 48.16 48.16 0.0% 9.42 9.42 0.0% 1431.54 2.86 
VC7 9.5 5.1 10.9 4.4 -14.74% 46.53 46.50 -0.1% 48.16 48.16 0.0% 9.45 9.46 0.1% 1461.50 2.90 
VC8 8.8 5.5 11.6 4.2 -31.82% 46.49 46.47 0.0% 48.16 48.16 0.0% 9.46 9.48 0.2% 1527.98 3.01 
VC9 10.2 4.7 10.3 4.7 -0.98% 46.58 46.55 -0.1% 48.16 48.16 0.0% 9.49 9.48 -0.1% 1384.92 2.73 
VC10 10.2 4.7 9.7 5.0 4.90% 46.29 46.26 -0.1% 48.16 48.16 0.0% 9.38 9.41 0.3% 1277.51 2.56 
average: 9.5 5.1 10.8 4.5 -14.0% 46.52 46.49 0.0% 48.16 48.16 0.0% 9.47 9.47 0.0% 1380.72 2.73 
stan dev 0.7 0.4 0.5 0.2 0.1 0.2 0.2 0.0 0.0 0.0 0.0 0.1 0.1 0.0 84.73 0.2 
                 
VN1 9.9 4.9    46.34   48.16   9.39   1757.34 3.53 
VN2 9.7 5.0    46.39   48.16   9.41   1711.68 3.43 
VN3 10.0 4.8    46.46   48.16   9.42   1608.09 3.21 
VN4 8.8 5.5    46.50   48.16   9.43   1649.49 3.29 
VN5 9.9 4.9    46.87   48.16   9.54   875.66 1.71 
VN6 9.5 5.1    46.34   48.16   9.40   1755.87 3.52 
VN7 9.4 5.1    46.50   48.16   9.46   1470.95 2.91 
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VN8 10.7 4.5    46.54   48.16   9.45   2045.16 4.06 
VN9 8.8 5.5    46.41   48.16   9.42   1593.33 3.18 
VN10 9.2 5.2    46.60   48.16   9.44   1659.57 3.30 
average: 9.6 5.0    46.50   48.16   9.44   1612.71 3.21 





















































































































































































































































































































































































































































































































difference max load (N) Mod of 
Rupture 
(MPa) 
TH1 10.9 4.4 9.7 5.0 11.01% 49.03 48.99 -0.1% 48.16 48.16 0.0% 9.44 9.46 0.2% 2154.86 4.27 
TH2 10.6 4.5 10.6 4.5 0.00% 49.14 49.11 -0.1% 48.16 48.16 0.0% 9.47 9.46 -0.1% 2306.17 4.57 
TH3 10.1 4.8 9.3 5.2 7.92% 51.06 51.05 0.0% 48.16 48.16 0.0% 9.85 9.87 0.2% 2157.39 3.93 
TH4 11.2 4.3 10.5 4.6 6.25% 48.87 48.83 -0.1% 48.16 48.16 0.0% 9.43 9.41 -0.2% 2271.40 4.55 
TH5 10.5 4.6 10.2 4.7 2.86% 48.88 48.85 -0.1% 48.16 48.16 0.0% 9.42 9.42 0.0% 1811.83 3.62 
TH6 11.1 4.3 10.4 4.6 6.31% 48.95 48.93 0.0% 48.16 48.16 0.0% 9.43 9.40 -0.3% 2354.26 4.72 
TH7 11.2 4.3 9.3 5.2 16.96% 48.92 48.91 0.0% 48.16 48.16 0.0% 9.41 9.43 0.2% 2204.50 4.40 
TH8 11.6 4.2 8.7 5.5 25.00% 48.46 48.93 1.0% 48.16 48.16 0.0% 9.46 9.41 -0.5% 2203.14 4.41 
TH9 11.4 4.2 8.8 5.5 22.81% 49.08 49.05 -0.1% 48.16 48.16 0.0% 9.44 9.45 0.1% 2131.84 4.23 
TH10 12.0 4.0 8.7 5.5 27.50% 48.93 48.91 0.0% 48.16 48.16 0.0% 9.42 9.39 -0.3% 2318.65 4.66 
average: 11.1 4.4 9.6 5.0 12.7% 49.13 49.16 0.0% 48.16 48.16 0.0% 9.48 9.47 -0.1% 2191.40 4.33 
stan dev 0.56 0.22 0.76 0.40 0.10 0.70 0.67 0.00 0.00 0.00 0.00 0.13 0.14 0.00 153.74 0.3 
                 
TC1 11.4 4.2 8.4 5.7 26.32% 48.71 48.70 0.0% 48.16 48.16 0.0% 9.39 9.37 -0.2% 2326.86 4.70 
TC2 10.3 4.7 8.0 6.0 22.33% 48.91 48.90 0.0% 48.16 48.16 0.0% 9.42 9.41 -0.1% 2090.76 4.19 
TC3 10.7 4.5 9.1 5.3 14.95% 48.98 48.95 -0.1% 48.16 48.16 0.0% 9.41 9.41 0.0% 1933.00 3.87 
TC4 12.1 4.0 10.0 4.8 17.36% 48.97 48.96 0.0% 48.16 48.16 0.0% 9.41 9.43 0.2% 1993.71 3.98 
TC5 10.6 4.5 9.0 5.4 15.09% 49.03 49.01 0.0% 48.16 48.16 0.0% 9.44 9.45 0.1% 2161.48 4.29 
TC6 10.2 4.7 8.5 5.7 16.67% 49.00 48.99 0.0% 48.16 48.16 0.0% 9.44 9.45 0.1% 2080.37 4.13 
TC7 11.3 4.3 8.6 5.6 23.89% 49.11 49.10 0.0% 48.16 48.16 0.0% 9.44 9.45 0.1% 2267.88 4.50 
TC8 10.0 4.8 8.4 5.7 16.00% 48.91 48.90 0.0% 48.16 48.16 0.0% 9.41 9.43 0.2% 2247.54 4.48 
TC9 11.7 4.1 9.6 5.0 17.95% 48.86 48.84 0.0% 48.16 48.16 0.0% 9.41 9.43 0.2% 2023.73 4.04 
TC10 11.4 4.2 9.6 5.0 15.79% 48.84 48.88 0.1% 48.16 48.16 0.0% 9.42 9.42 0.0% 1385.57 2.77 
average: 11.0 4.4 8.9 5.4 18.6% 48.93 48.92 0.0% 48.16 48.16 0.0% 9.42 9.43 0.1% 2051.09 4.09 
stan dev 0.71 0.28 0.65 0.39 0.04 0.11 0.11 0.00 0.00 0.00 0.00 0.02 0.02 0.00 266.08 0.5 
                 
TN1 10.6 4.5    48.51   48.16   9.36   1260.58 2.55 
TN2 10.1 4.8    48.97   48.16   9.42   1928.60 3.85 
TN3 10.3 4.7    48.71   48.16   9.39   950.84 1.91 
TN4 10.7 4.5    48.62   48.16   9.35   1407.59 2.85 
TN5 11.2 4.3    49.00   48.16   9.44   2027.49 4.03 
TN6 10.5 4.6    48.94   48.16   9.41   2248.75 4.50 
TN7 11.8 4.1    48.78   48.16   9.38   2253.76 4.54 
48 
 
TN8 9.5 5.1    51.21   48.16   9.85   2610.60 4.77 
TN9 10.9 4.4    49.12   48.16   9.43   2292.94 4.57 
TN10 10.0 4.8    48.95   48.16   9.42   2163.61 4.32 
average: 10.6 4.6    49.08   48.16   9.45   1914.48 3.81 



















































































































































































































SEM Energy Dispersive Spectroscopy 
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